Purpose The static functional unit definition in the current LCA framework has limitations in addressing the changing product functionality and associated environmental impact of constantly evolving product technologies. As a result, it overlooks the changes in consumer behaviour of increased consumption of products in provided services as well as in growing volumes. This article aims to present a new framework in defining a dynamic functional unit of product technologies that caters for changes in consumer behaviour and growing market. Methods A new approach to defining the functional unit is proposed that caters for changes in consumer behaviour and the use of technology from a technical performance perspective. A dynamic approach to definition of the functional unit is proposed that is based on Kano's model of product function and satisfaction.
Introduction
In a society faced with increasing levels of environmental impact, the assessment of environmental impact arising from human activity is important to guide efforts in reducing this impact towards sustainable levels. Although many tools and methods are available to guide environmental assessment and improvements, research shows that overall environmental impact in society is on the rise-e.g. the atmospheric concentrations of man-made greenhouse gases are exponentially increasing with no indication of slowing down (IPCC 2007) . Life cycle assessment (LCA) is widely used to analyse and compare the environmental impacts of products or processes for a given functional unit. LCA guides the user through a systematic framework of goal definition, inventory analysis, classification, characterisation and valuation to quantify environmental impact scores for a broad range of environmental impacts and identify opportunities for improvement for an analysed product or service (ISO 2006) . In the manufacturing industry, LCA is used to assess the influence of the manufacturing activities and their environmental impacts through use of raw material, production, usage and end-oflife involved in providing the products/services (Hauschild et al. 2005 ). In addition, comparative LCA is commonly performed to assess the environmental impact of new generations of products to identify if improvements have been achieved relative to the old generations of the products. For example, a comparative LCA of cathode ray tube (CRT) vs. liquid crystal display (LCD) TV was performed based on a common functional feature-the viewing size (Socolof et al. 2005) . However, in this comparison, there is a shift in the central technology applied in the product, and research has shown that different technologies may offer different levels and types of functionality and technology capacity (Kim and Kara 2012) . A case study of battery technology for electric vehicle application also demonstrated variance in environmental impact results when a different functional unit was chosen and this may be a source of uncertainty in some cases (Matheys et al. 2007) . As a rebound effect, technological development may thus influence the expectations and behaviour of consumers in the direction of demanding a higher level of performance or functionality-a change that may negatively offset any environmental improvements made in the new product (Sorrell 2009 ) so that the increased market volume and the associated consumption increase more than neutralise the efficiency gains, leading to the overall increase in environmental impact mentioned previously. Thus, applying the same functional unit with the assumption that two technologies offer the same kind of function/service may not be a true representation of actual consumer perception and behaviour. Another important trend is the integration of several functionalities in a single product as a result of new technological developments. This leads to either unclear or overlapping boundaries in determining functional unit and scope when performing LCA, and there could be discrepancies between the functionality and usage assumed by the manufacturer and the actual user behaviour of the consumer.
We identify a need to amend the current functional unit definition to ensure that these aspects of the product's life cycle-changes in functional requirement, environmental impact and market usage behaviour-are fully and correctly incorporated into LCA. This paper presents limitations of the current LCA framework in assessing multifunctional products and products that are or can be manufactured with different technologies (e.g. CRT or LCD) offering different levels of functionality. Building on these insights, an improved approach to functional unit definition will be presented, aiming to overcome such limitation by considering consumer/market behaviour building on input from the domain of product development.
Methods

Current LCA practice
Current LCA practice is defined by the guideline set out in ISO14040, and the reference flow for which products are compared is based on the functional unit reflecting the customer's requirement to the product (ISO 2006) . In a systematic process, the standard stipulates the interconnected phases of goal definition, inventory analysis, classification, characterisation and valuation to quantify the environmental impact and identify possible improvement options.
For comparative LCA, products are assessed within consistent system boundaries defined in accordance with a common functional unit to identify which product performs better environmentally and identify areas for improvement. Comparative LCA is valid as long as the two products of interest offer the same functionality for the user. From this viewpoint, it is simple to assess and compare single-function products using a common functional unit and the current LCA framework. When the compared products have more than one function, and the additional functions differ, the LCA practitioner typically resorts to allocation or system expansion in order to focus on the primary function as defined in the functional unit. This procedure can be an important source of uncertainty in the comparative LCA.
Limitations of current LCA practice
The problem arises as new product technologies enter the market and introduce the following types of changes:
1. Improved performance of existing functions 2. Influence of additional functions (a) Fostering new functionalities that the consumer did not have access to before (b) Integrating additional functionalities leading to possible sharing of common functions with unclear or overlapping system boundaries 3. Altered usage behaviour 2.2.1 Improved performance of existing function: functionality and market behaviour It is a frequent strategy of manufacturers to provide improved functionality with the introduction of new technologies. For the TV case, it was observed that LCD offers higher level of functionality compared to CRT-assuming that the viewing size is the functionality expected by the consumer (CRT has a maximum size of 38 in. while LCD offered a size of 50 in. or greater at the time of the study; currently, many TVs are offered in sizes exceeding 60 in.) (US EPA 2006) . The problem, however, is that as increased functionality is offered, consumers have the tendency to purchase higher performing products especially when they are offered at the same or lower price. This change in consumer behaviour is confirmed through market research that demonstrates that CRT had the highest volume sales in the 19-20-in. category whereas LCD already years ago had the highest volume sales in the 30-34-in. category (US EPA 2006) . Although other factors such as changing standards of living and marketing of products will increase volume sales of the new product technology, it can be assumed that consumers will not purchase the new product unless it offers a genuine alternative with perceived improvements. Based on this assumption, the viewing size can be assumed to be the main functionality of concern for the consumer and changes in the market behaviour can be studied through the volume sold in each size category. This phenomenon can be understood in light of Kano's model of product quality that classifies product functions as basic features, performance features and excitement features (Kano 1984) as shown in Fig. 1 .
Basic features comprise necessary functions that are assumed as essential by the consumer-if the product does not have these features, it is not considered a valid offering by the consumer. Performance features refer to the differing range of functionality offered by different products/technologiesthese are the specifications on which the consumer will be comparing the competing alternatives. Excitement features refer to functionalities in a new product technology that offer possibilities to the consumer that were not previously possible. Thus, the level of customer satisfaction is dependent on how well the basic, performance and excitement features are executed by the manufacturer (Fig. 1 ). As the figure shows, excitement features, when executed well, lead to very high level of satisfaction and less so for performance features. The basic features at best reach neutral satisfaction and quickly lead to dissatisfaction if executed poorly demonstrating that to the customer, these are perceived as essential. In the case of TVs, both CRT and LCD technologies offer the same basic features in terms of TV reception and video and sound display, but the performance feature screen size has increased as a result of the introduction of LCD technology. In addition, LCD offers an excitement feature with the slim screen profile that was not available with CRT technology. These features of the new products, as identified and categorised using Kano's model, can be used to determine the driver of the changing consumer behaviour and subsequently the definition of functional unit and the associated environmental impact.
Influence of additional functions
In addition to improving existing functionality, a completely new function can be added as a result of technology development. The manufacture of the slim screen profiles that are unachievable with CRT technology offers an example. The availability of this new function can become an excitement feature of the product even though it is not a necessity for the fundamental service offered by the product, and over time, it is possible that consumers come to expect the new excitement features as part of the performance features of the product. As illustrated in Fig. 1 , such a function may even become an expected basic feature of the product as described by Kano's model (Kano 1984) . An eloquent example is offered by the development in mobile phones. Recently, the primary function of a mobile phone was to enable telephone calls while out of office or home. Through radical technology development, smartphones have been introduced that not only enable the wireless telephone function but also offer the function of a camera, computer with access to Internet, music player and many other functions. Although it was not a necessity of a mobile phone to perform these functions when they were first introduced, the market began to adopt and expect such functions as basic features. In the case of LCD TVs, the slimmer screen profile was an excitement feature as it changed the way TVs are installed and used (such as hanging on walls) although it does not play any role in the primary function of video content display. In this perspective, the old technology of CRTs no longer offers a functional alternative to many consumers due to the large physical depths limiting the possibilities of TV placement compared to LCDs.
With the integration of additional functionalities in the product, the system boundaries between the different functionalities often become unclear and overlapping due to their sharing of common product functions. Traditionally, printers, Fig. 1 The Kano model of product function and satisfaction (www. kanomodel.com) scanners and photocopiers were single-function, stand-alone products. As the printing and scanning mechanisms could be shared with improved manufacturing technology, an integrated product that combines the three functions has been introduced.
From an LCA perspective, this can lead to unclear system boundaries between the functions and using a single functional unit definition may not accurately represent the actual product usage. For relatively simple products such as the integrated printer, scanner and photocopier, the analysis may not be too difficult, but for complex products such as smartphones where integrated computing power is provided to enable many different functions (e.g. Internet, camera, phone, and music player), determining the system boundary becomes vague and subject to interpretation which is a problem when comparisons are performed to functionally simpler products that offer only one or a few of the functions.
Altered user behaviour-consumer vs. manufacturer
A new or improved functionality may influence user behaviour and environmental impact, and it is thus important to accurately model the consumer's actual usage of the product. Depending on how the functional unit is defined, varying environmental impact results could be observed (e.g. Matheys et al. 2007) , and comparisons could come out differently. In comparing electronic media against traditional printed media, the assumed usage scenario played a vital role in determining the environmental impact-one type of media performed better than the other in one scenario but worse in another scenario. Thus, it is critical that the functional unit in a comparative LCA reflects the actual behaviour of the user and not the manufacturer's assumption about how the product is or will be used when the compared alternatives are not functionally equivalent (Hischier and Reichart 2003) . Therefore, rather than always performing a comparative LCA using a constant functional unit, it is proposed to allow use of a differing level of functionality in comparative LCAs to compensate for changes in user behaviour. For the comparative case of TVs, a larger LCD should be compared to a smaller CRT to cater for the change in consumers' perception of functionality. However, if the CRT is deemed not to be a suitable alternative to LCD due to the bulky size of the cabinet, a comparative LCA of CRT and LCD screens should not be performed as the result will no longer be meaningful.
A new approach to LCA-dynamic functional unit definition
In order to address the increasing functionality and changes in consumer usage behaviour due to new technologies, a new approach to defining the functional unit is needed. It is proposed to categorise the functions in a product into basic, performance and excitement features using Kano's model (see Table 1 ). The basic function is chosen as the anchoring of the functional unit definition since it is the primary function of the product that the customer sees as an essential need in purchasing the product. If a range of performance levels is available for the chosen basic function(s), then the performance level required by the consumer should be chosen for the functional unit definition. In the example of TVs, the basic function will be to display video content. However, this basic function can be fulfilled at different performance levels which can be measured in screen size (e.g. inches) since a range of sizes is available for both CRT and LCD. Hence, the performance feature can be considered in the specification of the functional unit by identifying the typical expected size (technical demand) for each of the compared technologies, potentially leading to different screen sizes being considered for CRT and LCD in the analysis. Over the course of time, competition can drive market expectations towards higher performance raising consumer expectations. For example, consumers have become aware of screen resolution in addition to viewing size since the introduction of high-definition TV broadcasting. Similar to the display size, a range of resolutions could also be offered which can influence consumer's expectation of TV functionality. When screen resolution becomes a performance feature for TV that influences purchasing behaviour, this must also be taken into account when determining the functional unit for the LCA study. As such, the technical demand for each function and also the multiple functionalities (and corresponding technical demands) in a product should be catered for as they get introduced into the product-as exemplified in Table 1 for different technologies. Contrary to ISO/TR14049:2012 (ISO 2012 which states the functional unit should be defined either by one way or the other for multiple functions, the functional unit definition should incorporate the concept of and by adding on the additional functions as they become necessary. This will prevent ignoring important aspects of usage behaviour that change over time.
Addressing the influence of increase in functionality, integration and volume-manufacturer's perspective
Manufacturers typically introduce new technologies with the intention of improving existing functions while using less resource. From the user's perspective, this implies that the product can perform the same function at reduced operating cost and/or environmental impact or provide an increased functionality at the same cost/impact compared to previous product generations-the new product is more economically efficient and eco-efficient. New technologies also enable new product functions that were not possible previously, and this can create new demand for additional functions. Thus, the user is influenced into using the product more, because either it costs less to operate or the user chooses to perform higher functional tasks rather than maintaining the previous level of functionality. This rebound effect (Sorrell 2009 ) may continue in a spiral fashion for continuously developing product generations and potentially offset the initial environmental impact reductions achieved. Also, due to economies of scale, products become more and more accessible (financially) as prices get reduced, leading to higher volume sales and increased overall consumption (Kim et al. 2014) .
In order to be effective towards reduced impact from the manufacturer's total output, products need to be manufactured in a manner that accounts for changes in user behaviour as a result of functional changes leading to a requirement for:
& More efficient manufacturing processes that entail reduced cost and environmental impact of producing the product & Reduced cost/environmental impact of operating the product for the given functionality to cater for the rebound effect as a result of increased functionality and the increase in total consumption due to higher volume sales as products become more accessible However, a difficulty in addressing the rebound effect of increasing functionality and volume is that particularly for the former, further increases in efficiency may boost the increase in consumption leading to higher levels of impact from the activity. An example is offered by the development of lighting technology over more than two centuries where the fraction of GDP (gross domestic product) spent on lighting has remained remarkably constant around 0.5% in spite of efficiency improvements of several orders of magnitude for the lighting technologies from candles to LED lamps (Tsao et al. 2010 ). This rebound effect represents a vicious circle, and a solution to manage such problems is needed-the strategy of increasing eco-efficiency does not automatically lead to eco-effectiveness-reducing the overall environmental impact of the manufacturer's output and the service that it offers to consumers (Hauschild et al. 2005) . As a starting point, it is important to make this problem visible to the manufacturer, and here, a possible approach could be to choose equivalent functionality when performing comparative LCA for different product technologies. For example, a product technology may offer function f 1 , while a new technology may offer an improved function f 1′ , such that:
While f 1 and f 1′ are not the same, a comparison may still be relevant if the two products are seen as valid alternatives for the consumer. LCA should thus be performed with a functional unit that respects any changes in the consumer's perception on functionality according to Kano's model, as discussed previously. The validity in performing a comparative LCA on products offering different functional levels should be confirmed by observing the changes in actual usage behaviour of the consumer. Also, if a new set of technologies allows the integration of a number of functions into a single product, LCA should be performed in comparison to the combination of single-function products that the new integrated product is replacing for the consumer. This approach to defining the functionality assumes that an integrated, multifunctional product with n functions may in practice replace n single-function products. In such a scenario, the assessor should consider whether comparison of equal or unequal functionality (performance level as discussed in BSection 3.1^) is representative of user behaviour as different technologies will enable different performance levels. For example, either the average functionality or the maximum/minimum performance level for the given functions (f 1 , f 2 ... f n ) can be considered for analysis depending on the user behaviour. In the case of TV technologies, CRT TVs have a screen size range of 15-38 in. while LCD TVs have 11-50 in. (US EPA 2006) . Thus, the user behaviour in the product choices should be reflected in defining the product functionality chosen for comparison. It should be noted that in certain circumstances, consumers may settle for less technical performance (functionality) for some functions if the product offers additional, integrated functions previously not available in one product. Hence, the basic functional requirement and corresponding technical requirement for each function that is numerically measurable should be specified to model a genuine functional alternative for product comparison.
It should be noted that the assessor needs to ensure that the technical specification for each function is sufficient to meet the demand of the consumer as specified in Table 2 including consideration of whether any sacrifice in performance level is acceptable by the user for multifunctional products (i.e. users may be willing to sacrifice performance in exchange for integrated product functionality).
Once the correct level of functionality (reference point) is chosen for the comparison, the environmental analysis may also be extended to market volume level to assess the total environmental impact associated with the two alternative technologies. This could be done by simply comparing the total environmental footprint of the current technology and the projected volume of the alternative technology. This will inform the manufacturer of the environmental consequences of having the new technology replace the existing technology in the market (Kim et al. 2014) . The information will allow the manufacturer to decide whether the eco-efficiency improvement with the new technology, i.e. the reduction in environmental impact at the level of the individual product, is sufficient to cater for a foreseen increase in market volume and help the manufacturer avoid misleading conclusions regarding the contribution to a sustainable development from the planned change in the product. The same information can also assist stakeholders like consumers in their purchasing choices and aid decision-makers in developing the necessary policies for effective management and enforcement of sustainability measures.
By catering for changes in user behaviour as a result of functional and volume changes, LCA can better analyse the full environmental impact of product technology development and help in identifying the improvements that are needed for meeting the increasing demands in the market without increasing the resulting overall environmental impact.
Case study of TV technology-CRT and LCD
The use of the dynamic functional unit and the benchmarking of new product generations relative to the old one are illustrated by a case study on CRT and LCA TVs.
Functionality of TV
Basic feature
Traditionally, the viewing size of the screen was a main factor influencing the purchasing decision of the user. So, when comparative LCA was performed for TVs, screens of equal size were chosen for analysis (Socolof et al. 2005) . This is only appropriate if screen size is the only basic feature expected by the user, but if the concept of dynamic functional unit is applied, the same size screen should not be compared. Assuming that the consumer's perception of average size changed with the introduction of the new technology, the relevant CRT and LCD average size can be represented as the mean value;
Therefore, comparison of 26.6-in. CRT and 36-in. LCD would then be more appropriate although they differ, in order to cater for higher functional expectation of the user to the LCD screen.
Performance feature
Also, new technology has allowed for additional functionalities/ improvements such as the following to be introduced into TVs:
& Screen resolution-high-definition TV broadcasting and LCDs leading to higher resolution images than CRT screens. & Energy consumption and efficiency-the evolution of LCD and LED technology has led to improved energy efficiency, and with rising energy prices, consumers are becoming more aware of energy consumption of appliances and influencing product purchase decisions.
For example, if the energy consumption of less than 100 W is taken into consideration as required performance feature, CRT2 
Excitement feature
At times, new technologies offer breakthroughs that radically change the product functionality and central design features (Anderson and Tushman 1990) . In the TV case, LCD technology has allowed the manufacture of much slimmer screen thickness than what is attainable with CRT screens. Although it does not directly contribute to the basic function of video display, it has completely changed the way TVs are placed and used around the home/office. If for example, consumers begin demanding screen depth of less than 10 in. as a basic feature of a TV screen, then the CRT models in Table 3 do not satisfy the requirement. The CRT technology can be said to have reached a technology limit as they are over 10 in., and only the LCD screen satisfies the requirement. Thus, if a comparative LCA based on screen thickness is needed, another alternative technology that can provide such function should be chosen such as a plasma display panel (Aoe et al. 2003) .
Applying dynamic functional unit for TVs-manufacturer perspective
When determining the functional unit and associated system boundary for an LCA that assesses the changes in overall environmental impact associated with the introduction of a new product model in the market, it is important to understand the actual usage behaviour and the consumer's expectations to functionality. LCA should be conducted based on the basic features expected by the consumer, but it is important to note that due to new technologies-and the improvements they bring forth-the basic feature expected from a newer product may actually be higher than that from an old product. This means that what the consumer considers as basic features for the new product may actually be performance features for the old product generation, and manufacturers should take this into account when determining the functional unit. For the TV case, the features expected by the consumers should be identified and classified into basic, performance and excitement features to determine the functional unit that is relevant and applicable for both technologies (Table 3) and to decide whether the comparison is relevant at all from a user perspective. Applying the functional and technical demands based on the features assumed in Table 3 , relevant CRT and LCD models can be chosen for comparison. Table 3 shows three different alternative models of CRT screens that can be chosen for comparison with the LCD screen. If CRT3 is chosen for comparison with the LCD screen as shown in Table 3 , it can be observed that both offer comparable viewing size which will satisfy the basic functional demand. However, as energy consumption is also rated as a basic feature, the CRT3 model cannot provide the lower energy consumption of the LCD model. Thus, to satisfy the user requirement to the energy consumption feature, an alternative product needs to be chosen.
The other two alternative CRT models in Table 3 (CRT1 and CRT2) offer an energy consumption which is closer to the LCD model but at the cost of reducing the functionality of viewing size. It is thus not possible for the two different TV technologies to offer both basic features at the same level, and this means that the assessor needs to make a conscious decision as to which product comparison best represents user preferences and purchase behaviour and determine whether any functional compromise on size is needed depending on this priority.
To assess the impact of total production volume, the assessor should use the functional unit that is now determined and apply at the volume level for the different product technologies. This methodology is presented in a previous article where four generations of Apple iPad® models are compared with volume forecasting to demonstrate the expected increase due to market growth and/or sales effect of new product as it takes over the volume from the previous generation (Kim et al. 2014) . The same method can be applied to the different TV technologies and also when comparing between manufacturers to understand how the volumes and the associated environmental impact may change. This will enable the assessor to choose the correct functional unit by taking into consideration the functional, behavioural and market volume changes when comparing different product technologies. Hence, changes in customer behaviour, technology change, market dynamics and competition should also be incorporated in the dynamic functional unit analysis for a holistic analysis. The latter point is particularly relevant when relating the environmental impact from the total output from a producer to science-based limits since the space available to the individual producer may be affected by market shares. Steffen and coworkers present planetary boundaries for man-made impact for a number of environmental processes that regulate the earth system and ensure a stable and benign environmental basis for our lives (Steffen et al. 2015) . These boundaries constitute absolute limits for our loads on the environment, and in order to manage society so we stay below the boundaries, the pollution space that they define may be divided between societal actors at the level of countries, industrial sectors or even companies. In this way, absolute targets for environmental impact can be set for each of these actors to help ensure that they all contribute their share to keeping us within the safe operating space. The allocation between actors of the pollution space that is defined by the science-based targets is a matter of serious discussion (Bjørn and Hauschild 2015) , but if it is based on value creation or fulfilment of societal or consumer needs, an option might be to allocate each company a share of the space proportional to its share in the market.
Conclusions
This article presented the challenges of using a static, single functional unit definition in an industrial culture with constant evolution of products that influences usage behaviour. It was argued that the society is faced with the vicious circle of increased efficiencies that contribute to increased demand for consumption, a point which is not adequately addressed by current product LCAs. To gauge the overall trend in terms of environmental sustainability, a new approach to defining the functional unit was proposed to cater for changes in user behaviour building on the features put forward in Kano's model of product functionalities. Using the proposed framework, the functional requirement for TV technologies was formulated and illustrated for a case with comparison of CRT-and LCD-based TVs. The case study showed that new features in LCD TV such as improved energy efficiency and reduced screen thickness lead to additional functional requirements from the market that may possibly influence user behaviour. However, using static, single functional unit definition fails to illustrate these changes and environmental impact assessment may not be a true representation of real-life scenarios. Therefore, the framework for sustainability assessment of product development (functionality) is in need of further research to cater for functional, environmental and behaviour changes. To develop the proposed framework further, the product assessment should encompass the issues of improved product function, addition of new functions and changing consumer behaviour to determine the eco-efficiency and eco-effectiveness of manufacturers (such as the value creation of companies, employment and the number of inhabitants from the global environmental space perspective). This may enable companies to relate their performance to absolute targets or limits like the planetary boundaries and provide a drive not only for improved efficiencies but a more eco-effective use of resources for future sustainability of society. In addition, the dynamic functional unit approach can give society a more holistic assessment of how products/functions are used, replaced and affect other products outside the company to gain a more comprehensive understanding of the environmental impact arising from product consumption.
